Fourteen cats were subjected to a moderate (100 gm-cm; n = 7) or a severe (600 gm-cm; n = 7) spinal cord injury at the C4-C5 level using a weight drop technique. Somatosensory evoked potentials (SSEPs) were recorded after stimulation of the median nerve in the forearm. The SSEPs were measured in each animal before and after the injury. Motor evoked potentials (MEPs) were recorded from forearm extensor muscles after transcranial magnetic stimulation of the motor cortex. The SSEPs and The MEPs were measured in each animal before and after the injury under ketamine-based anesthesia.
Introduction
The application of somatosensory evoked potentials (SSEPs) for both clinical and experimental use has been an important factor in assessing spinal cord injury (SCI) for the last two decades. 1 -3 SSEPs are based on the principle that when a sensory nerve in the periphery is stimulated, evoked electrical activity can be recorded from the somatosensory cortex 4 . The SSEPs have been shown to be useful for evaluating spinal cord conduction with high degree of correlation between potential neurological recovery following SCI and evoked activities. 4 -6 However, a few reported cases have noted the failure of SSEP monitoring to alert the surgeon to impending damage to the spinal motor pathways. 7 , 8 The technique of transcranial electrical and magnetic stimulation of the motor cortex has provided a unique opportunity to study the corticosp inal connections in human subjects. 9 -13 Cortical stimulation has been widely employed for clinical research studies. 14 -19 These methods provide valuable information on the state of the motor tracts in several neurological disorders. 2o -24 A further potential appli cation is the study of SCI. Magnetically induced motor We investigated the immediate neurophysiological, neuropathological, and functional outcome occurring after SCI utilizing the weight drop method in cats. We correlated the presence or absence of MEPs and SSEPs with neurological outcome and histopathologi cal findings. In addition, the excitability of the spared upper motoneurons after severely injuring the spinal cord was documented using magnetic stimulation.
Materials and methods
A total of 14 cats weighing from 3 to 5 kg were used for the experiment. Animals were premedicated with atropine (0.04 mgjkg) and anesthetized with an intramuscular injection of Ketalar plus Acepromazine maleate (35 mgjkg). Additional doses of the anesthetic were given if needed. After tracheostomy and intubation, animals were ventilated in room air (Model 665, Animal ventilator, Harvard Apparatus, South Natick, Massachusetts). The volume and rate of the ventilator was adjusted to obtain an end-tidal CO 2 of 3.5 to 4% using a digital CO 2 monitor (Datex, Instrumentarium, Oy, Finland). A polyethylene cathe ter was inserted in the right femoral vein for infusion of fluids. The right femoral artery was exposed and cannulated for arterial blood pressure monitoring. Body temperature was monitored with a rectal thermometer and maintained at the range 36.5-38SC using a heating blanket (Model RK-200, Aquamatic K thermia, Bellville, Ohio) and a heating lamp, as needed. Continuous readings of the arterial blood pressure and the electrocardiogram were recorded (Tektronix, Beaverton, Oregon).
Animals were transferred to a Kopf stereotactic spinal unit (David Kopf Instruments, Tujunga, California). The vertebral column was immobilized by using a clamp attached to the T -4 spinous process and pelvic pins which were attached firmly to the iliac crest bilaterally. A three-level laminectomy was performed at C4-C6 levels. The dura mater was left intact.
Somatosensory evoked potentials (SSEPs) were recorded using standard EEG needle electrodes placed transdermally over the vertex (active electrode) and the upper nasal region (reference electrode). To record the forearm extensor muscle action potential, two needle electrodes were inserted into the muscle on the left side. Impedance of the recording electrode was kept below 5 KOhms. An evoked potential system (Model 8400, Cadwell Laboratories, Kennewick, Washington) was utilized for generation of stimulus and amplifica tion and averaging of the evoked responses. The time base was 20 to 30 msec and cutoff filters were set at 3000 and 10 Hz for muscle recording and 500 to 10 Hz for the SSEPs. The ground lead was attached to a mid-thoracic spinous process between the stimulating and the recording electrodes.
The left forearm was stimulated using transdermally placed needle electrodes in the footpad. Repetitive (2.81 Hz) rectangular pulses of 0.2 msec duration, 2 -5 volts intensity, and no delay (Models S88, and SIU 8T, stimulator and isolation unit, Grass Instrument, Quincy, Massachusetts) were used to generate the cortical responses. On average, 250 responses were recorded and averaged and displayed on the monitor. To record the muscle action potential from forearm extensor muscle, single shock magnetic stimulation (MES-I0, Cadwell laboratories, Kennewick, Washing ton) was used. Magnetic stimulation was delivered through an eight-shaped coil, each loop 5 cm in diameter. The coil was placed tangentially to the scalp on the right side with the handle pointing posteriorly. The magnetic stimulator was operated at 100% of the stimulator's output. At this stimulus intensity, the shortest latency responses were achieved. The C-5 root latency was obtained after bipolar electrical stimulation of the ventral root at 1 Hz. Intensity was adjusted until evoked muscle response reached the shortest onset latency with maximal peak amplitude. Central motor conduction time (CMCT) was calculated by subtracting the C-5 latency from the cortical motor latency.
A weight drop model of spinal cord injury was utilized. The trauma device consisted of a perforated aluminium tube containing a cylindrical stainless steel weight of 20 g and a lightweight acrylic platform with a circular impact surface 0.5 cm in diameter. It was mounted on a micromanipulator, and the acrylic impactor was centered on the dorsal midline at the C-5 level. The SSEPs and muscle action potentials were recorded before the injury and after injury every hour up to four hours post-injury. The neurological outcome was assessed immediately after the 4th hour post-injury when animals were fully recovered from anesthesia. Tetraplegia was confirmed by demonstrat ing muscle flaccidity distal to the injury level and lack of any movements in all four extremities. The animals were placed into two groups. The first group (n = 7) was subjected to a severe injury (600 gm-cm). The second group (n = 7) was moderately traumatized (100 gm-cm).
Euthanasia was performed with an intravenous overdose of sodium pentobarbital (35 mgjkg; LV.)
after 5 h post-injury. In each animal, the spinal cord was transacted above and below the traumatized area and fixed in 10% buffered formalin. The spinal segments inclusive of the lesion were removed (approximately 1 cm length) and kept in formalin until tissue preparation. Histological evaluation was performed on two moderately injured and two severely injured animals. In the latter group, the MEPs were retained in one (MEP +) and were lost in the other (MEP -). The cord segments were transversely sectioned at 3 -4 mm intervals and em bedded in a single paraffin block. Two serial sections were made at 8 -10 pm thickness utilizing a Reichert 2030 micro tome. The first section was stained for Hematoxylin & Eosin, and the second with luxol fast blue-PAS for myelin. Tissue injury was assessed based on the presence of congestion, hemorrhage, edema, and tissue disruption. Each of these features was graded on a scale of 0 (absent) to 3 + (severe). Neuronal injury was assessed by examination of nuclear and cytoplasmic characteristics-cell shape, cytoplasmic density, eosinophilia, presence of Nissl substance and nuclear chromatin density.
Results
The CMCT and conduction velocity in the cervical spine were measured in all animals prior to the injury (Table 1) . The latency and amplitude of the MEPs elicited after the electrical and the magnetic stimula tions were measured prior to the injury in all animals ( Table 1 ). The baseline (pre-injury) muscle latencies with magnetic cortical stimulation were 7.8 ± 1.1 msec and 7.4 ± 1.0 msec (mean ± s.d.) for the moderate injury and severe injury groups, respectively. The measured latencies after the C5 root stimulation were 2.4 ± 0.1 msec and 2.5 ± 0.1 msec for the two groups (Table 1) . Fourteen animals were evaluated after moderate (n = 7) and severe (n = 7) injuries. The SSEPs recorded before and after the injuries are illustrated (Figures 1  and 2) . A typical SSEP in the cat has a negative positive configuration which is recorded within the first 20 msec after the onset of median nerve stimulation. Table 1 depicts the mean values for the SSEP peak latency, and amplitude before the injury.
In moderately injured animals (n = 7), the SSEPs Table 2 ). The same animal had preserved MEPs but was assessed as clinically tetraplegic as evidenced by lack of sponta neous locomotion and a flaccid muscle tone. The remainder of cats in this group (n = 6) maintained SSEPs and MEPs, and showed no motor deficit (Figure 1) . Table 2 demonstrates mean values of the latency and amplitude recorded in the moderately injured animals.
In the severely injured group (n = 7), the SSEPs were lost in five animals post-injury (Figure 2 ). These animals were found clinically to be tetraplegic. The remainder (n = 2), which did not lose SSEPs, showed no motor deficit. Among the clinically tetraplegic animals (n = 5) in this group, three cats maintained MEPs. However, onset latency was significantly increased (T= -4.3, P<0.002) and amplitude was reduced when compared to the pre-injury value. Table  3 shows values for the MEP latency and amplitude which were obtained in 5/7 severely injured animals. Figure 1 In moderately injured animals (n = 7), the majority (n = 6) showed preservation of the SSEPs after injury. These animals were neurologically intact after recovery from anesthesia. Only one cat in this group lost the SSEPs after the injury without any significant change in the MEPs. This animal had severe motor deficit
The remaining two cats lost MEPs following the injury and did not recover in the subsequent hours post lllJury.
Evaluation of the animals receiving the moderate injury showed no tissue disruption within gray or white matter. Edema was noted in the gray matter and immediately surrounding white matter, as well as focal hemorrhage (2 +). Enlarged, swollen axons were noted in a thin rim of white matter adjacent to gray matter, indicative of axonal injury (l +). This change was most extensive at the base of the dorsal columns and the superior aspect of the ventral columns, on either side of the central commissure, with minimal involvement of the lateral columns. There was pallor of myelin staining in areas of axonal injury. Capillaries around the central canal in both gray and white matter contained polymorphonuclear cells (PMN) with a mild PMN inflammatory infiltrate into the injured tissue. Acute inflammation of the dura and meninges over the cord was noted which was most prominent over the superior aspect of the cord (Figure 3) . Evaluation of the severely injured animals showed extensive disruption of the central gray matter and the adjacent white matter of the lateral columns and at the base of the dorsal horns (3 +). Multifocal hemorrhages were present throughout the disrupted tissue (3 + ).
Severe edema (3 +) was present around the lesion which extended focally to the subpial white matter, based on pallor of myelin stammg and swelling of myelin sheaths, particularly in the dorsal columns. The fasciculus gracilis was spared. Enlarged irregular Spared upper motor neurons in spinal cord after injury SS Haghighi et al axonal profiles were noted in the white matter distributed circumferentially around the injured gray matter. The degree of axonal change was most (Figure 4) , with the most severe change found in the fasciculus cuneatus followed by the lateral and ventral columns which showed a similar degree of involvement. The MEP + animal ( Figure 5 ) showed a similar degree of axonal change in the dorsal and lateral columns with slightly less severe change in the ventral columns. Focal necrosis of the deep white matter of the lateral column adjacent to gray matter was also seen in the MEP -animal. Acute inflammation of the neuropil was not seen in the severely injured animals, although acute inflammation of the meninges and dura was seen in both of the animals examined. The neuronal injury in the severely injured animals was variable, with occasional normal appearing neurons seen in the MEP -animal. Many neurons in MEP -animal, however, and most neurons in the MEP + animal were pale and ghost-like to eosinophilic. Others had pyknotic nuclei. The neurons which were preserved tended to be located on the outer rim of gray matter surrounding the central area of injury. Minimal neuronal injury was seen in the animals receiving the moderate injury, with only occasional eosinophilic neurons noted. As in the severely injured animals, neurons of unremarkable histology were noted at the periphery of the gray matter.
Discussion
The concept of structurally intact descending pathways following spinal cord injury, as evidenced by EMG responses distal to the site of in�ury in patients with clinically complete paralysis 28 , 29 . 3 is supported by the results of the present study.
The present results suggest that one primary effect of a weight-drop on the spinal cord involves the immediate underlying tissue, the dorsal columns, The finding that a loss of SSEPs occurred in 5/7 animals in the 600 gm-cm group would suggest that substantial compromise of the dorsal columns had occurred. The histological evaluation of the spinal cords in these animals showed significant insult to the dorsal white matter, which would be consistent with this inter pretation.
An explanation for the preservation of MEPs in 3/5 clinically paralyzed animals following the 600 gm cm weight drop may be related to the specific tracts which were compromised vs the tracts which carry the MEP. Although it was difficult to assess functional integrity of spared axons based on their short term (4 h) histological appearance, spinal cord histology showed probable central cord ischemic injury of the gray matter corresponding to the territory of the anterior spinal artery with significant axonal injury and edema in the white matter immediately surrounding the gray matter. The white matter in the ventral funiculus contains the reticulospinal and vestibulospinal tracts which are thought to play a major role in initiation of locomotion in the cat. If these tracts do play an essential role in the initiation of locomotion, then damage to these axons would be consistent with paralysis.
If the MEP is predominantly carried in corticospinal axons which are postulated to modify or adjust the gate characteristics of locomotion rather than initiate locomotion, then the preservation of MEPs in paralyzed animals would be consistent with this view. The location of the corticospinal tracts in the lateral funiculus may result in some sparing of function due to their location relative to the axis of weight drop. A secondary vascular supply from the corona radiata via radicular arteries also remains functional, in spite of significant central cord hemorrhage associated with the anterior spinal artery infarction. The increase in latency and reduction in amplitude of the MEP in post-injury 600 gm-cm group suggest that although there was preservation of the MEP, it was significantly affected by the injury.
